Microfabrication of a 3 x 3 micro-plasmajet array with ultra-violet lasers and their thrust performance tests were conducted for nozzle elements with exit height of 0.5 mm and length of 0.5 mm. Stable discharge and operational conditions were confirmed for the 3 x 3 micro-plasmajet array thruster. To evaluate thrust characteristics of the arrayed plasmajet, thrust characteristics of the thruster were compared with those of the micro-single-nozzle plasmajet. It was shown that the thrust and specific impulse of the micro-plasmajet array were higher than those of the micro-single-nozzle plasmajet due to the multi-jet effect. The typical values of the thrust, specific impulse and thrust efficiency averaged per nozzle element of the microplasmajet array thruster operated at 6.2 W with 1.46 mg/sec of nitrogen gas propellant mass flow per nozzle element were 1.13 mN, 79 sec, and 24%, respectively. In addition, observation of the micro-nozzle discharges was conducted. To improve thrust performances and to achieve uniform discharges over all electrode elements, a new thruster with extended nozzle structure for which each electrode element was electrically isolated from nearby elements was developed. The typical values of the thrust and specific impulse of the multi-nozzle array thruster with 36 nozzle elements operated with 11 mg/sec of nitrogen gas propellant mass flow were 6 mN and 60 sec, respectively.
Introduction
The current trend of smaller spacecraft, which is not only mass limited, has produced a strong interest in the development of micropropulsion devices. The significance of reducing launch masses has attached going interest with regard to reducing mission costs and increasing launch rates. In feasibility studies microspacecraft is currently under development for a mass of less than 100 kg with an available power level for propulsion of less than 100 W. For the reduction or minimization, of arcjet input power, in previous study, operation of throttle ability from 100 to 300 W was demonstrated, in which steady operation was achieved down to 40W, but considerable voltage functions. However, there have been no investigations on these geometric effects for performance improvement of lowpower direct current (DC) arcjets operational under 30 W for propulsion devices of microspacecraft, relating to the fundamentals of very low-power DC discharges as well as to the thrust performance. 9 Authers have been conducting investigations on smallsized very low-power arcjets, or plasmajet, of less than 10 W for discharge characteristics, thermal characteristics of discharging plasmas, and correlations of these characteristics with thrust performance. [1] [2] [3] [4] Moreover, authors have conducted microfabrication of micro-arcjets with ultra-violet lasers, and developed rectangular DC micro-arcjets of various sizes operated under 5 W. [5] [6] [7] [8] The rectangular micro-nozzle was machined in a 1.2 mm thick quartz plate. Sizes of the nozzle exit were 0.44 mm in height and 0.1 mm in constrictor height. For an anode, a thin Au film (~ 100 nm thick) was coated by physical vapor deposition in vacuum on a divergent part of the nozzle. As for a cathode, an Au film was also coated on inner wall surface. In operational tests, a stable discharge was observed for mass flow of 0.4 mg/sec, input power of 4 W, as shown in Fig.1 . In addition, thrust performance tests were conducted for various nozzles with different exit heights (0.4 to 0.8 mm), or area ratios, for a fixed nozzle length and various lengths of divergent part. 5) From the results, nozzles with larger exit height and longer divergent part showed higher thrusts and specific impulses. It was also shown that variations of the background pressure in the vacuum chamber, in which the thruster were tested, relatively affected on thrust performance as much as nozzle sizes due to the enhanced under-expansion of the exhaust jet. 5) To suppress the expansion of the exhaust jet, the effect of multi-jet interaction exhausted from the multi-nozzle jet array was additionally investigated. [6] [7] [8] the thrust and specific impulse of the each nozzle element with the nozzle array were significantly higher than those of the single-nozzle. [6] [7] [8] In this study, thrust characteristics of the micro-nozzle arrays with different geometries were investigated. Moreover, after fabricating the electrodes in the micronozzle arrays, investigation of the discharge characteristics and preliminary propulsive characteristics were also conducted.
Microfabrication of micro-nozzles
Authors have developed and been using a laser micromachining system for machining of micro-nozzles. [5] [6] [7] [8] In order to minimize and localize thermal influences and to achieve accurate geometries, a short-pulse ultra-violet laser system was utilized. For the UV laser oscillator, a fifth harmonic generation wave of an Nd:YAG laser beam (Fifth-HG, wavelength 213 nm, NEWWAVE RESEARCH, Tempest-10, repetition rate 10 Hz) was utilized. With this technique, 3 x 3 and 4 x 4 micronozzle-arrays were machined. The scanning electron microscope (SEM) images of the micro-nozzles are shown in Fig.1 . In this study, a single nozzle (a), 3 x 3 and 4 x 4 nozzle arrays, (b) and (c), consisting of identical nozzle elements with (a), were machined and tested. Sizes of the nozzle element, or single nozzle, are 0.5 mm in total length, 100 m in throat height and length, 500 m in exit height.
Thrust measurement
A sketch of an experimental setup is illustrated in Fig.2(a) . Thrust performance tests were conducted to elucidate effects of nozzle configuration on thrust characteristics for the micro single-nozzle and the novel nozzle array thrusters. For various mass flow rate conditions of nitrogen gas propellant thrusts were measured for both types of the thrusters, and then thrust characteristics were compared. The thrust was monitored with a cantilever-type thrust stand consisting of a cantilever and structural members made of quartz glass to minimize influences of thermal expansion of the structure (Fig.2(b) ). To evaluate the substantial thrust induced from aerodynamic acceleration of the propellant flow through the nozzle, the propellant supplied to the plenum is not heated by any electrical means but kept in a room temperature. Namely, the thrust tests are performed for the cold-gas operation 7) . In addition, after depositing film electrode made of gold on both plenum side (cathode) and divergent-nozzle side (anode), shown in Fig.2(a) , investigation of the discharge characteristics and preliminary thrust performance tests were conducted for the micro-multi-plasmajet array thruster.
(a) Experimental setup.
(b) Cantilever-type thrust stand. Fig.3 , the anode is made of a gold film coated on divergent (exhaust) side and the cathodes are made of tungsten needles of 0.1 mm in diameter. Each pair of anode and cathode consists of a typical electrode structure of conventional arcjet thrusters. A cathode holder is made of Inconel® alloy which has 9 holes with each depth and diameter of 1 mm and 0.1 mm, respectively. Inserted into each hole, 9 tungsten needles can work as a cathode. In discharging operations, it is observed that the heat of cathode tips is not easily transferred into the holder and nozzles ensuring possibilities of long operation time.
On the other hand in Fig.4 , the cathode is made of tungsten filament attached with film cathode coated on inner (convergent) side. Difference of discharge operational characteristics was compared with each electrode structure. 
Results and Discussion

Discharge characteristics of micro multiplasmajet array thruster
Discharge current-voltage characteristics of the MMPJ thruster are shown in Fig.5 . In the figure, variation of plenum pressure inside the discharging thruster is also plotted. From the current-voltage characteristics, abrupt drops of discharge voltages, which are roughly from 360 V to 240 V, are observed at discharge currents between 18 mA and 20 mA for various mass flow cases. Although further investigation should be needed, from the negative current-voltage characteristics the discharge partly has an aspect of arc discharge characteristics. On the other hand, the plenum pressure increases with mass flow and discharge current.
Photos of plasma plumes at discharge currents of 10 mA and 20 mA are shown in Fig.6 . As shown in these figures, a stable and uniform plasma plume exhausted from the 3 x 3 micro-plasmajet array thruster can be observed. Through the side face of the quartz plate, several discharging columns at each throat of the micro multi-plasmajet can be observed in the 10 mA condition. While in the 20 mA condition, emission from the each throat is so strong that each emission cannot be separately identified. 
Discharge behaviors of 3 x 3 micro-multi plasmajet array
Front (backward) view images of plasma plumes exhausted from the 3 x 3 micro-multi plasmajet array in discharging operation employing different electrode structures were shown in Figs.7 and 8. These images were taken by the charge-coupled device (CCD) video camera (30 frames/sec) through a neutral density (ND) filter, a band-pass filter and a convex lens to obtain a magnification by 30 times.
Three typical characteristics of the plasma plume behaviors can be obtained with the increase of discharge current. Firstly under low current cases, translation of positions of the discharging spots is observed with the increase of the current. Secondly, the brightest spot, or an ununiform discharging emission spot, is observed in the center of Figs.7 (b) and the upper left of 8 (b) with other electrodes showing much darker emissions.
In the last, the brightest spots of are not always occurring at the same position (electrode) in each discharging operation. These phenomena may cause not only decreasing thermal efficiency of the thruster, but also increasing possibility of taper off the cathode tips as well. 
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Therefore, to improve thrust performances and to achieve uniform discharges over all electrode elements, a new thruster with extended nozzle structure for which each electrode element was electrically isolated from nearby elements was developed. Figs.9 and 10 depict a schematic of the new thruster and that nozzle array with 36 nozzle elements. Increase of the number of nozzle elements is expected to lead improvement of thrust performances through multi-jet effect of interacting gas jets 8) . This thruster consists of a stainless steel anode with 6 x 6 nozzle elements and 6 x 6 needle cathodes made of tungsten wires each having a ballast resistor. With these resisters, uniform discharge over electrodes can be expected. In addition, control of the each discharge current can be done by controlling each resistance.
In Figs.11 and 12 , thrust characteristics of the new thruster in cold gas experiments were shown. Variation of thrust with mass flow rate is shown in Fig.11 . It is shown that the thrust linearly changes with mass flow rate. Variation of specific impulse is plotted in Fig.12 . With lower mass flow conditions under 7 mg/sec, measured specific impulse is very low, i.e. under 40 sec.
The typical values of the thrust and specific impulse of the multi-nozzle array thruster with 36 nozzle elements operated with 11 mg/sec of propellant mass flow were 6 mN and 60 sec, respectively. 
Conclusion
Microfabrication of a 3 x 3 micro multi-plasmajet array with ultra-violet lasers and its thrust performance tests were conducted for nozzle elements with exit height of 0.5 mm and lengths 0.5 mm. Stable discharge and operational conditions were confirmed for the 3 x 3 micro multi-plasmajet array thruster. To evaluate thrust characteristics of the arrayed plasmajet, thrust characteristics of the thruster were compared with those of the micro-single-nozzle plasmajet. The thrust was measured by a calibrated cantilever-type thrust stand in vacuum. Following results were obtained.
1) It was shown that the thrust and specific impulse of with the micro-plasmajet array with nitrogen gas propellant were higher than those of the micro-singlenozzle plasmajet due to the multi-jet effect. 2) To improve thrust performances and to achieve uniform discharges over all electrode elements, a new thruster with extended nozzle structure for which each electrode element was electrically isolated from nearby elements was developed.
3) The typical values of the thrust and specific impulse of the multi-nozzle array thruster with 36 nozzle elements operated with 11 mg/sec of nitrogen gas propellant mass flow were 6 mN and 60 sec, respectively.
